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Steroidogenic factor-1 (SF-1) and liver receptor homologue-1
(LRH-1) belong to the fushi tarazu factor 1 subfamily of nuclear
receptors. SF-1 is an essential factor for sex determination during
development and regulates adrenal and gonadal steroidogenesis
in the adult, whereas LRH-1 is a critical factor for development of
endodermal tissues and regulates cholesterol and bile acid ho-
meostasis. Regulatory ligands are unknown for SF-1 and LRH-1. A
reported mouse LRH-1 structure revealed an empty pocket in a
region commonly occupied by ligands in the structures of other
nuclear receptors, and pocket-filling mutations did not alter the
constitutive activity observed. Here we report the crystal structures
of the putative ligand-binding domains of human SF-1 at 2.1-A
resolution and human LRH-1 at 2.5-A resolution. Both structures
bind a coactivator-derived peptide at the canonical activation-
function surface, thus adopting the transcriptionally activating
conformation. In human LRH-1, coactivator peptide binding also
occurs to a second site. We discovered in both structures a phos-
pholipid molecule bound in a pocket of the putative ligand-binding
domain. MS analysis of the protein samples used for crystallization
indicated that the two proteins associate with a range of phos-
pholipids. Mutations of the pocket-lining residues reduced the
transcriptional activities of SF-1 and LRH-1 in mammalian cell
transfection assays without affecting their expression levels. These
results suggest that human SF-1 and LRH-1 may be ligand-binding
receptors, although it remains to be seen if phospholipids or
possibly other molecules regulate SF-1 or LRH-1 under physiolog-
ical conditions.
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S teroidogenic factor-1 (SF-1; AD4BP/NR5A1) and liver re-
ceptor homologue-1 (LRH-1; CPF/FTF/NR5A2), ex-
pressed in man, are homologues of the fushi tarazu factor-1 of
Drosophila (1) and FF1B of fish (2). Together, these factors
constitute the NR5SA subfamily of nuclear receptors (NRs) (3).
SF-1 and LRH-1 function as monomers (4) to regulate genes by
binding to similar response elements.

SF-1 is expressed in the adrenal, testes, ovary, pituitary,
hypothalamus, spleen, and skin and regulates genes that direct
biosynthesis of adrenal and gonadal steroids as well as Mullerian
hormone and gonadotropins (5, 6). SF-1 is essential for normal
adrenal and gonadal development given that SF-1 knockout in
mice causes adrenal and gonadal agenesis and impaired gonad-
otropin expression, resulting in postnatal death due to severe
adrenal insufficiency (7, 8). SF-1 knockout also causes abnor-
malities of the ventromedial hypothalamic nucleus, the control
center for satiety and feeding, which suggests that SF-1 may have
broader roles in the control of metabolism and obesity (9). In
humans, partial loss-of-function mutations in SF-1 result in XY
sex reversal and adrenal failure (10, 11). Although SF-1 is
expressed in the ovary (12), a mutation of SF-1 was observed not
to affect ovarian development; thus, SF-1 may not be crucial for
female sexual development (13). Another NR, DAX-1, has been
described to repress the SF-1 function (14).

www.pnas.org/cgi/doi/10.1073/pnas.0409482102

LRH-1 is predominantly expressed in tissues of endodermal
origin (15). LRH-1 is essential for normal hepatic and pancreatic
development (16). In the adult, LRH-1 functions in the control
of cholesterol and bile acid homeostasis in coordination with two
other NRs, farnesol X receptor and short heterodimer partner
(17). LRH-1 is also expressed in ovary (12), preadipocyte (18),
placenta (19), and testis (20). LRH-1 in the ovarian granulosa
cells induces progesterone biosynthesis after ovulation (21, 22).

Prototypical NRs, such as steroid receptors, thyroid hormone
receptors, and retinoid receptors modulate gene transcription in
response to small lipophilic molecules (23-25). Ligand binding
induces the activation function-2 helix of the ligand-binding
domain (LBD) to form a charge clamp for coactivator recruit-
ment (26, 27). Several NRs previously referred to as orphan
receptors have been shown to adopt the same regulatory para-
digm, and physiologically relevant NR ligands now also include
fatty acids (peroxisome proliferator-activated receptor), oxys-
terols (liver-X receptor), bile acids (farnesoid-X receptor), and
xenobiotic compounds (pregnane-X receptor) (28, 29). For some
NRs, ligands are reported to serve an essential structural role,
not a regulatory one (30-35). The ligands for these receptors
were first revealed by crystallographic studies highlighting a new
structural genomics approach to the identification of ligands for
orphan NRs (36). Structural analysis has also identified NRs
lacking any pocket for a ligand, such as the estrogen-related
receptors (37) and the NGFI-B/Nurr1 subfamily of NRs (38, 39),
defining a mode of ligand-independent NR function.

The NRS5A subfamily of NRs remain orphans with no iden-
tified bona fide ligands. Although an oxysterol was reported to
activate SF-1 (40), this finding could not be confirmed (41).
Alternative modes of regulation for SF-1, including phosphor-
ylation (42, 43) and sumoylation (44), have been presented. A
recent mouse LRH-1 (mLRH-1) structure revealed it to have a
large empty pocket, but mutations made to fill this pocket did not
reduce the transcriptional activity, which suggested that the
activity of mLRH-1 may be ligand-independent (45). We have
determined the crystal structures of human SF-1 (hSF-1) and
human LRH-1 (hLRH-1). To our surprise, we find phospholipid
molecules bound in both structures. Mass spectrometry and cell
transfection experiments show that mutations of phospholipid-
binding residues reduce the binding of phospholipids and the
transcriptional activity of the receptors.

Materials and Methods

Protein Expression and Purification. The hSF-1 DNA encoding
residues G219-T461 (National Center for Biotechnology Infor-
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mation accession no. NM_004959), and hLRH-1 DNA encoding
residues S251-A495 (National Center for Biotechnology Infor-
mation accession no. NM_003822) were PCR-amplified from
cDNA (Clontech) and cloned into a modified pET vector
(Novagen) encoding an N-terminal 6His tag and a tobacco etch
virus protease cleavage site. Initial crystal diffraction of the
wild-type hSF-1 was poor; therefore, based on structural mod-
eling, a double mutation (C247S/C412S) was introduced by PCR
mutagenesis (Stratagene) into the bacterial vector encoding the
hSF-1 to avoid surface Cys-mediated protein aggregation.

hSF-1 and hLRH-1 LBDs were produced in 30-liter bioreactor
cultures of Escherichia coli strain BL21(DE3) RIL (Stratagene)
by using terrific broth with 15 h of induction at 20°C with 0.5 mM
isopropyl B-D-thiogalactoside. Frozen cell pastes suspended in
40 ml of lysis buffer (50 mM Na/K phosphate, pH 8.0/250 mM
NaCl/5% glycerol) per liter of cells were lysed by using a
microfluidizer (model no. M-110H, Microfluidics) at 18,000 psi
and clarified by centrifugation at 15,000 X g at 4°C for 2 h.
Clarified lysates were fractionated by Ni-chelating sepharose
(AP-Biotech), with elution using a gradient to 100% buffer B (20
mM Hepes, pH8.0/250 mM imidazole /250 mM NaCl/5% glyc-
erol). Eluted LBDs were diluted 6-fold with buffer C (20 mM
Tris, pH 8.0) and fractionated by using Source 30Q (AP-
Biotech), with elution using a linear gradient from 2% to 25%
buffer D (20 mM Tris, pH 8.0/1 M NacCl). Pooled fractions were
incubated with tobacco etch virus protease at 50 pg/mg over-
night at 4°C, and proteins (>95% pure) were concentrated to 20
mg/ml and stored at —80°C.

Protein Crystallization. Initial crystals of hSF-1 and hLRH-1 were
obtained with sparse-matrix crystallization screen (46) Kkits
(Hampton Research, Aliso Viejo, CA). The hSF-1 crystal dif-
fraction quality was improved by introducing the C247S/C412S
mutation. hSF-1 protein was diluted to 15 mg/ml in 20 mM
Tris'HCI pH 8.0/100 mM NaCl/10 mM DTT with a 2X molar
excess of the peptides NCOA1 (SRC-1) NID-2 (CPSSHSS-
LTERHKILHRLLQEGSPS) and/or NCOA-2 (TIF2, GRIP1)
NID-3 (KENALLRYLLDKD). Crystals were grown by the
sitting drop vapor diffusion method at 4°C, mixing equal volumes
of protein/peptide sample with reservoir solution containing
18% polyethylene glycol 3350, 0.2M ammonium sulfate, 0.1M
[bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane, pH
5.5, and 2.5% sucrose. Crystals grew to a size of 0.6 mm X 0.3
mm X 0.3 mm in 5-8 days. For cryoprotection, sucrose was
added to hSF-1 crystals before freezing.

hLRH-1 protein was diluted to 10 mg/ml in 20 mM Tris-HCI,
pH 7.5/62 mM NaCl/100 mM ammonium acetate/2 mM 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate with
2X molar excess of the peptide NCOA-2 NID-3 (KENALL-
RYLLDKD). Crystals were grown by the sitting drop vapor
diffusion method at 20°C, mixing equal volumes of protein/
peptide sample with reservoir solution containing 0.9M
NaH,PO4 and 0.1 M K,;HPO,. Crystals grew to a size of 0.13
mm X 0.03 mm X 0.03 mm in 2 weeks. Glycerol was used for
cryoprotection.

Data Collection and Structure Determination. The x-ray diffraction
data of hSF-1 and hLRH-1 were collected at the Advanced Light
Source beamline 8.3.1 under cryogenic temperature. The dif-
fraction data were integrated and scaled by using MOSFLM and
SCALA (47) (Table 1). To solve the hSF-1 structure, a homology
model was generated based on the crystal structure of mLRH-1
[1PKS5, (45)]. Molecular replacement with the data up to 3.5 A
was carried out by using EPMR (48) obtaining a solution in space
group P3;21. Two molecules related by noncrystallographic
symmetry were determined in each asymmetric unit. The initial
model was then subject to refinement by using 0 (49), cNx (50),
and REFMACS (51) against 2.1-A data with least-squares refine-
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Table 1. Statistics of crystallographic data and refinement
hSF-1 hLRH-1

Crystal and data collection statistics

Unit cell dimensions, A a=b=736 a=61.0b=670

c=195.7 c=78.2
Space group P32 P2:242,4
Solvent content 49% 53%
Resolution range, A 50-2.1 50-2.5
Unique reflections 36,333 10,899
Data redundancy 4.2 4.6
Completeness, % 98.7 99.4
[ULLON 6.9 10.0
Reym, % 11.2 4.9

Refinement statistics

o cut off None None
Total non-hydrogen atoms 4,342 2,172
Ave B factor, A2 24.0 34.2
Reryst/Rfrees % 21.6/26.5 23.9/28.1
rms deviation bond lengths, A 0.012 0.008
rms deviation bond angles, ° 1.449 1.034

Rsym = Zllavg = fjl /= Ij. Reryst = =|Fo — Fc|/=Fo, where Fo and Fc are the observed
and calculated structure factors, respectively, Rfee Was calculated from a
randomly chosen 5% of reflections excluded from the refinement, and Reryst
was calculated from the remaining 95% of reflections. rms deviation values
are from ideal geometry.

ment, individual B-factor refinement, and translation, liberation,
and screw-rotation displacement refinement protocols. Well
defined electron density indicated one NCOA2 NID-3 peptide
bound to the surface and the unexpected phosphatidylethano-
lamine (PE) ligand bound inside the putative ligand-binding
pocket. The structure of hLRH-1 was also determined through
molecular replacement by using a homology model based on the
mLRH-1 structure as the search model. The crystal is in space
group P2,2,2; with one molecule in each asymmetric unit. The
structure refinement process is similar to that for hSF-1. During
the refinement process, electron density appeared in the putative
ligand- binding pocket, suggesting the structure of a phosphati-
dylglycerol-phopshpoglycerol. The NCOA-2 NID-3 peptide was
found to bind at two different sites on the surface of hLRH-1.

Mass Spectrometry. Samples of hSF-1 and hLRH-1 (50 nmol, 1.5
mg in 100 ul of aqueous buffer) were spiked with 50 nmol of a
standard, PE-12:0 (1,2-didocanoyl-sn-glycero-3-phosphoethano-
lamine, Sigma) before extraction, based on preliminary results
showing the absence of this molecule in either of the protein
preparations. Sample extraction was performed as described in
ref. 52, ending in 200 wl of organic fraction, of which 20-ul
samples were analyzed by using electrospray ionization MS in
positive and negative modes (Micromass ZMD MS with MASs-
LYNX software, Waters).

Biochemical Coactivator Recruitment Assay. The AlphaScreen his-
tidine detection kit (PerkinElmer) was used to detect binding
between bacterially expressed His-tagged hSF-1 LBD and co-
activator NCOA1 (SRC-1/RIP160, residues M595 to Q780,
NCBI NM_003743) cloned into a pGEX vector (53) but having
a C-terminal biotinylation site (LNDIFEAQKIEWHR). Costar
384-well white polystyrene plates (Corning) were used. Reac-
tions (15 ul per reaction), each with 50 nM His-tagged hSF-1 and
a biotin-tagged NCOAI1 fragment in 50 mM 1,3-bis[tris(hy-
droxymethyl)methylamino] propane, pH 7.5/50 mM KCl1/0.05%
Tween 20/1 mM DTT/0.1% BSA, were sealed and incubated at
room temp for 2 h. A 5-ul mix of streptavidin donor beads (15
png/ml) and Ni-chelate acceptor beads (15 pg/ml) was then
added and incubated for a final 2 h. The Fusion Alpha reader was
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set to read for 1 s per well. Data analysis used PRISM (GraphPad,
San Diego).

Mammalian Cell Transfection. The hSF-1 (G219-T461) and
hLRH-1 (S251-A495) LBDs were engineered for expression as
fusion proteins with the yeast GAL4 DNA-binding domain
(DBD), using SG-GAL4 and CMV-GALA4 vectors. Mutations of
the putative ligand cavity were introduced by PCR (Stratagene).

HEK293T cells were cultured at 37°C in DMEM with 100
units/ml penicillin, 100 units/ml streptomycin, and 10% heat-
inactivated FCS (Invitrogen). For transient transfection, HEK293T
cells were grown to 80% confluency in six-well plates, and medium
was exchanged for 1.5 ml of serum-free medium before addition of
1-ug pSG-GAL4-hSF-1-LBD or pSG-GAL4-hLRH-1-LBD ex-
pression vectors, 400 ng of pFR-Luc reporter gene (Stratagene),
and 120 ng of pRL-TK transfection control plasmids (Promega)
mixed with 6 ul of Metafectene (Biontex, Munich). After 4 h,
serum-containing medium was added. After 24 h, medium was
removed and cells were lysed in 50 mM Tris, pH 7.5/150 mM
NaCl/1% Nonidet P-40. Firefly luciferase was measured by using
a Luciferase Reporter Gene Assay kit (Roche Diagnostics) and
Renilla luciferase was measured by using the Renilla Luciferase
Assay system (Promega).

Portions of the wild-type and mutated transiently expressed
GAL-hSF-1-LBD and GAL-hLRH-1-LBD proteins were de-
tected by Western blots using anti-GAL4 (DBD) SC510 horse-
radish peroxidase-conjugated antibody (Santa Cruz Biotechnol-
ogy) with detection using ECL plus (Amersham Pharmacia
Biosciences).

Results

The hSF-1 and hLRH-1 putative LBD structures adopt an
a-helical sandwich fold with 12 o-helices (H1-H12) and one
B-hairpin between HS and H6 (Fig. 1 A and B). Compared with
most NR structures (36), hSF-1 and hLRH-1 each contain a
unique fourth sandwich layer formed by H2, as described for the
mLRH-1 structure (45). The hSF-1 and hLRH-1 LBDs show a
high degree of structural similarity with an rms deviation of 1.25
A (calculation based on the main chain C, positions, excluding
the loop between H1 and H2). The H2 of hSF-1 is shorter than
that for hLRH-1 by one «a-helical turn because of the presence
of a helix-breaking residue (P251) in hSF-1. Consistent with
reports that hSF-1 and hLRH-1 function as monomers, both
appear to be isolated stable molecules in an asymmetric unit,
with no crystallographic contacts forming through the canonical
dimerization surface used by other NRs (54-56).

For hSF-1 and hLRH-1, the difference Fourier map of the
protein atom model exhibited a large, well defined electron density
in and near the region occupied by ligands in other NRs (Fig. 1 C
and D). These unaccounted electron densities extended to reach the
solvent through a channel formed by the N-terminal end of H3, the
C-terminal end of H11, and the loop between H6 and H7. Based
on these electron densities, the molecule bound to hSF-1 was
identified as a PE, and that bound to hLRH-1 was identified as a
phosphatidylglycerol-phosphoglycerol (Fig. 1.4 and B). In hLRH-1,
the terminal phosphoglycerol is stabilized by a Thr residue (T377),
whereas the corresponding residue in hSF-1 is Leu (L343). How-
ever, the headgroup selection seen in the crystal structures may also
involve the purification and crystallization processes. The acyl
chains in both cases are a palmitic ester (C16:0) linked to C1 and
a palmitoleic ester (C16:1, A9) linked to C2 of the glycerol back-
bone. The A9-cis double bond causes a bend in the palmitoleic chain
that allows it to pack around the palmitic chain, almost completely
filling the interior cavity of the ligand-binding pocket (Fig. 1 C and
D and Fig. 6, which is published as supporting information on the
PNAS web site). Extensive van der Waals contacts with the
pocket-lining hydrophobic residues are made (Fig. 1 C and D and
Fig. 7, which is published as supporting information on the PNAS

Wang et al.

Fig. 1. The hSF-1and hLRH-1 LBD structures complexed with phospholipid and
coactivator peptide. (A and B) The hSF-1 LBD (A) and the hLRH-1 LBD (B) (gray
ribbon models) with phospholipid ligands (spherical model colored by atom
type), and NCOA2 coactivator peptide (blue ribbon model). Note that two
NCOAZ2 peptides bind to each LRH-1 molecule, one at the canonical activation
function surface and the other at a site formed by H2, H3, and the B-sheet. (C)
Residues of the hSF-1 ligand-binding pocket (stick models colored yellow and by
atom type), showing salt bridge and hydrogen bonds (dotted lines) to the PE (stick
models colored white and by atom type). The blue mesh indicates an unbiased 2F,
— F. map covering the ligand. H2 and H3 are truncated to show the pocket
features. (D) Residues of the hLRH-1 ligand-binding pocket depicted as in C
showing interactions with the phosphatidylglycerol-phosphoglycerol.

PNAS | May 24,2005 | vol.102 | no.21 | 7507
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SF1_human LTTVATQA KEYLYHF
SF1_mouse LSTVAVQA KEYLYH|

SF1_kangarco LSTVAAQA EEY[LYH|

SF1_chicken LSAVAAQAGH EEYLYH

SF1_turtle MATIAAQA EEYLYH]|
SF1_frog LSATAAQA EE[Y|LYH

LRH1 human YSITIASQA EEYLYY|

LRH1 _chicken YSVIASQA EEY[LY Cf
LRH1_frog YSVIVTQA EEYLY Y]
LRH1 mouse YSTIISHTIE EDYLY Y|
LRH1_rat YSSIISNTIE EDY|LY Y]
FF1B LSAVL. DA EDFLCY|E
FTZF1 LMSLG. LL EDHLY TE

* * *
Fig. 2. Comparison of hSF-1 and hLRH-1 structures with mLRH-1. (A and B)

A phosphate group in hSF-1 (A) and hLRH-1 (B) interacts with the Lys and Tyr
of the KYG triad. (C) E440 in the APO mLRH-1 mimics the phosphate group
interactions. Only the residues of the phosphate-binding triad (sticks colored
yellow and by atom type) and the polar portions of the phospholipids (sticks
colored by atom type) are shown. (D) Alignment of representative NR5A
sequences. The two sequence segments that contain the KYG motif (helix
H6-H7 and H11) are shown. A more complete alignment appears in Fig. 8.

web site), including direct contacts with the activation function-2
helix (L452/hSF-1 and L486/hLRH-1) that support the active
conformation.

In hSF-1 and hLRH-1, the phospholipid phosphate interacts
with three residues: a Lys from H11 (K440/hSF-1 or K474/
hLRH-1), a Tyr from H11 (Y436/hSF-1 or Y470/hLRH-1),
and a Gly from the H6-H7 loop (G341/hSF-1 or G375/
hLRH-1) (Fig. 2). The Lys of this KYG triad makes hydrogen
bonds with two phosphate oxygen atoms, whereas the side
chain of the Tyr and the backbone NH of the Gly each forms
a hydrogen bond with one phosphate oxygen. The KYG triad
is highly conserved among most homologues of SF-1 and
LRH-1 in the NRS subfamily (Fig. 2D and Fig. 8, which is
published as supporting information on the PNAS web site).
But curiously, in mouse and rat LRH-1, a Glu (residue E440
in mouse) replaces the Gly of the KYG triad, and in the

7508 | www.pnas.org/cgi/doi/10.1073/pnas.0409482102
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Fig. 3. Mass spectral analysis of lipids bound to hSF-1 and hLRH-1 LBD
proteins purified from E. coli: wild-type hSF-1 (A), hSF-1 Y436F-K440A (B),
wild-type hLRH-1 (C), and hLRH-1 Y470F-K474A (D). The analyses were per-
formed in negative mode. PE-12:0 (50 pmol) was mixed with 50 pmol of each
LBD protein before extraction, giving the m/z = 578 standard peak.

mLRH-1 structure (45), E440 forms a salt bridge with the Lys
(residue K539 in mouse) of the KYG triad. In the mLRH-1
structure, a bulky Phe (F443 in mLRH-1) also replaces a Leu
(L344 in hSF-1; L378 in hLRH-1) just inside the pockets of the
human structures. The result of these differences is a change
in the shape of the ligand-binding pocket that could reduce
phosphate binding in mLRH-1.

MS of lipids extracted from the bacterially expressed hSF-1
and hLRH-1 show several peaks that can be interpreted as PEs
and phosphatidylglycerols having 14—18 carbons and containing
various degrees of saturation. (Fig. 3), suggesting the cocrystal-
lization with just one phospholipid species in each structure is

Wang et al.
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Fig. 4. PE dose-dependent increase in coactivator recruitment to hSF-1 in
vitro. (A) PE-18:3 (50 uM 1,2-dilinolenoyl-sn-glycero-3-phosphoethano-
lamine) but not palmitic acid (50 M) activates wild-type hSF-1to bind NCOA1
by AlphaScreen. (B) Dose-dependent NCOAT1 recruitment to hSF-1 by PE-18:3.
Error bars indicate the standard deviations. The graphs shown are represen-
tative of three experiments.

fortuitous. After comparison to a standard PE-12:0 added in an
amount equimolar to the LBDs before extraction, hLRH-1
appears fully occupied with the E. coli phospholipids, whereas
hSF-1 appears only partially occupied. After double mutation of
the phosphate-binding residues in hLRH-1 (Y470F/K474A) the
phospholipid peaks were diminished by >50%, whereas after the
equivalent double mutation in hSF-1 (Y436F/K440A), the phos-
pholipid peaks were nearly completely lost (Fig. 3). These and
other pocket mutants of hSF-1 and hLRH-1 were not observed
to alter the soluble expression (=20 mg per liter of culture) of
these proteins in E. coli, indicating that the mutations do not
have any deleterious effects that are obvious.

Coactivator recruitment to hLRH-1 in vitro was not affected
by the addition of phospholipids (data not shown), which is
consistent either with a ligand-independent mode of coactivator
binding (45) or with the apparent preexisting full occupancy
observed by MS. However addition of phospholipid, but not
palmitic acid, did increase coactivator binding to the partially
occupied hSF-1 (Fig. 44). The PE-16:0/16:1 observed in the
crystal structure is unavailable commercially, so it could not be
tested. Several common PEs were tested (data not shown), and
PE-18:3 showed the best stimulation, giving a dose-dependent
increase in binding of NCOA1 (Fig. 4B), with an apparent
half-maximal stimulation for this effect occurring at a concen-
tration of 30 wM. This result shows that phospholipid promotes
coactivator recruitment to hSF-1 in vitro.

A selection of structure-guided mutations of the hLRH-1
and hSF-1 pockets were tested by using transfected mamma-
lian cells. When the hLRH-1 or hSF-1 LBDs were fused to the
DBD of GALA4, strong activation in transfected cells of a
reporter gene containing GAL4-responsive elements was ob-
served (Fig. 54 and B). Six hLRH-1 pocket mutations, A303F,
A303M, L378F, A467F, A467M, and Y470F/K474A, dimin-
ished activity 16-42% (Fig. 54). Similar hSF-1 pocket muta-
tions (A269F, G341E, L344F, G341E/L344F, A433F, and
Y436F/K440A) diminished activity 68-99% (Fig. 5B). In
neither the hLRH-1 nor the hSF-1 GAL fusions did the pocket
mutations affect expression levels in the cells (Fig. 5 C and D).
Similar mutations made in the mLRH-1 were previously
reported to have no effect on the function, and this was cited
as support for a ligand-independent mode of mLRH-1 function
(45). The decreases in function observed here suggest that the
activities of hSF-1 and hLRH-1 may be ligand-modulated in
mammalian cells. However, whether phospholipids serve the
role of ligand has yet to be examined.

In addition to the coactivator peptide bound to the canonical
(26, 27, 53) coactivator-binding site of hLRH-1, we also found a
second peptide molecule bound to a site (Fig. 1 B and D and Fig.
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Fig. 5. Effects of pocket mutations on hLRH-1 and hSF-1 functions in

HEK293T cells. (A) hLRH-1 LBD activity tested as GAL-DBD fusions acting at a
GAL4-responsive LUC reporter gene. The mutations tested include residues
A303, L378, A467, Y470, and K474. (B) hSF-1 LBD activity tested as GAL-DBD
fusions. The mutations tested include residues A269, G341, L344, A433, Y436,
and K440. (C) Western blot analysis of cells after transfection with vectors
encoding GAL4-DBD-hLRH-1 LBD fusion proteins using anti-GAL4-DBD anti-
body. (D) Western blot analysis of GAL4-DBD hSF-1 LBD fusion proteins. Error
bars indicate the standard deviations. The graphs shown are representative of
three experiments.

9, which is published as supporting information on the PNAS
web site) comprised of residues that are conserved among
LRH-1 homologues (Fig. 8). Interaction is also made to atoms
of the Cl-acyl chain of the phospholipid in coordination with the
methyl group of T295. Unlike the canonical activation function-2
surface (26, 27, 53), there is no charge clamp to the coactivator
peptide dipole in the second binding site. However, a Tyr of the
NCOA2 peptide forms a hydrogen bond with D366 of the
B-hairpin. The presence of the second peptide could be a
fortuitous crystallographic effect. However, it has been shown
that the negative coregulator PROX-1 interacts with LRH-1
through a site on H2 and H11 that may overlap with the site
identified here (57). Further experiments are needed to address
the biological role of this site.

Discussion

We have provided structural data to suggest that hSF-1 and
hLRH-1 can bind phospholipids. Mutations of the residues that
interact with the phospholipid were observed to diminish func-
tion in transient transfection experiments without affecting
protein expression levels. In the case of hSF-1, addition of
phospholipid enhanced the binding of coactivator peptide in a
biochemical assay. However, a thorough analysis of whether
phospholipids actually regulate hSF-1 and hLRH-1 will require
cell biology and in vivo experiments that are out of the scope of
the current structural analysis.

We have initiated experiments involving the addition of
phospholipids to transiently transfected cells and have tested
delipidated serum as used to investigate phospholipid regulation
of SREBP (58), but these preliminary experiments failed to
demonstrate a phospholipid-dependent regulation of activity
(data not shown). A plethora of different phospholipids are
present in cells and culture sera, making the task of identifying
which phospholipids might be relevant very difficult. It is also
known that phospholipids have low solubility in free solution and
are associated inside cells with phospholipid transfer proteins
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(59) and scramblases (60), when they are not localized in
membranes, or outside the cells in lipoprotein complexes (61,
62). Selective phospholipids are thought to be required for
proper folding and function of membrane proteins (63). Soluble
enzymes, such as CYP27A1, also bind phospholipids and are
thought to have their activities regulated by such binding (52). At
this point, although the phospholipid-bound crystal structures
are intriguing, the most that can be said is that phospholipid
cannot be ruled out as a possible ligand class.

With the current structures, hSF-1 and hLRH-1 join a few
other orphan NRs found to cocrystallize with fortuitous ligands
that are common cellular lipids (30-35). PE has also been
observed in the structures of the insect RXR homologue ultra-
spiracle (64, 65). Evolutionary biologists have pondered how
NRs arose and diversified (3). The fushi tarazu factor-1 sub-
family of NRs has been considered one of the most evolutionarily
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